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I .  INTRODUCTION 


Army  interest  in  Solid  Fuel  Ramjets  (SFRJ)  spawned  a  technology  demonstra¬ 
tion  program  for  a  gun  launched  tubular  projectile  with  an  SFRJ  combustion 
chamber.  Chemical  Systems  Division  of  United  Technologies  Corp  designed  a 
75  mm  demonstration  round  after  wind  tunnel  and  direct  connect  tests* *.  New 
flight  regimes  were  encountered  in  the  high  velocity  (Mach  4  plus)  at  sea  level. 
Almost  all  ramjet  experience  has  been  with  either  low  velocity  or  high 
altitude;  performance  correlations  have  not  been  developed  for  the  tubular 
projectile  flight  regime.  Data  remain  scarce  on  regression  rate  and  combustion 
efficiency  dependence  on  air  flow  conditions. 

Predicting  the  performance  of  these  SFRJ  projectiles  requires  coupling 
the  solid  fuel  combustion  chamber  to  the  supersonic  diffuser  inlet.  An  AFAPL 
(Air  Force  Aero  Propulsion  Laboratory)  computer  code*  for  ramjet  design 
analysis  was  modified  to  compute  combustion  in  the  solid  fuel  chamber.  Expected 
performance  of  the  75  mm  SFRJ  tubular  projectiles  is  hereby  reported. 

II.  ASSUMPTIONS 

1.  Enthalpy  versus  temperature  and  pressure  for  incoming  air  taken  from 
Keenan  and  Kaye**  properties  of  air  at  low  pressure.  The  values  were  supplied 
with  the  AFAPL  code.  At  the  nominal  launch  velocity  (Mach  4.29)  on  a  standard 
day  at  sea  level,  the  air  stagnation  temperature  and  pressure  are  1260K  and 
24.9  MPa. 

2.  US  Standard  Atmosphere.  For  these  sea  level,  standard  day  trajectories 
no  altitude  variations  need  be  considered. 

3.  Constant  drag  coefficient  (.0645).  A  value  suggested  by  Chemical  Systems 
Division  after  its  preliminary  design  studies  and  some  wind  tunnel  tests. 

That  the  coefficient  will  be  velocity  dependent  has  been  conveniently  ignored. 

4.  Constant  nozzle  efficiency  (0.98).  A  reasonable  value  for  conical  nozzles. 
Variations  due  to  chamber  conditions  and  nozzle  design  have  been  ignored. 

5.  Normal  shock  inlet  operation.  Pressure  loss  ratios  in  the  inlet  calculated 
from  standard  normal  shock  tables  for  an  ideal  gas  of  1.4  specific  heat  ratio. 
Exact  inlet  calculations  are  not  made;  only  area  ratios  are  considered. 

6.  Adiabatic  processes.  No  heat  loss  to  projectile  body. 

7.  Combustion  fully  established  as  initial  condition.  Ignition  transient  not 
considered . 

direct  ’connect  test  is  a  combustion  chamber  without  inlet.  Air  enters  the 
chamber  at  flow  conditions  expected  at  the  inlet  dump  plane. 

*K.  A.  Watson ,  "Air  breathing  Missile  Design  Program-FJ",  AFAPL-FJT-TM-77-29, 

AF  Aero  Propulsion  Laboratory 3  (November  77). 

**Provided  without  reference  citation. 
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III.  FUEL  DATA 


Fuel  thermodynamic  data,  supplied  by  Chemical  Systems  Division,  are  shown 
in  Table  1.  The  values  represent  complete  combustion  at  the  air  temperature 
and  equivalence  ratio.  In  the  calculations  final  temerature  is  corrected  for 
combustion  efficiency  in  the  standard  method 


T  + 
a 


\<Ttf  -  V 


where  nc  =  combustion  efficiency, 

=  final  temperature, 

T  =  incoming  air  temperature, 
a 

T  =  theoretical  final  temperature, 
f 


Specific  heat  ratio  and  molecular  weight  were  assumed  unaffected  by  combustion 
efficiency.  The  data  are  given  only  for  one  pressure  (3.0  MPa).  No  correct¬ 
ions  were  attempted  for  pressure.  (Nominal  chamber  pressure  is  near  that 
level . ) 


IV.  COMBUSTION 

Flow  of  fuel  from  the  solid  surface  into  the  combustion  chamber  is  governed 
by  the  simple 


w. 


pfrS. 


Calculations  of  regression  rate  (r)  and  surface  area  (s)  provide  the  only 
challenge.  Regression  rate  is  available  for  a  few  fuels  from  CSD  monthly 
contract  reports  in  the  form 


a  G 


,n 


where  G  is  the  air  mass  velocity  and  constants  a  and  n  can  vary  with  air 
stagnation  temperature  and  pressure.  CSD's  data  for  the  fuel  intended  for 
the  75  mm  demonstration  rounds  produces  a  regression  rate  correlation  of 


r 


0.116 


G°-64 


(1) 
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TABLE  1.  FUEL  THERMODYNAMIC  DATA 
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3000  29.05  29.05  29.15  29.15  29.05  28.92  28.75  28.50 


Exposed  fuel  surface  is  a  straightforward  geometry  problem.  All  planned 
configurations  for  the  gun  a  launched  projectiles  are  internally  perforated 
cylinders.  (The  high  spin  rate  precludes  the  common  form  spoke  gain  of  guided 
missile  applications).  Only  one  complication  is  presented  -  the  grain  length. 
The  fuel-in-cowl  design  packs  in  more  fuel  but  regression  shortens  the  exposed 
length.  Exact  surface  calculation  depends  on  the  specific  internal  cowl  design 
but  the  goemetry  adjustment  is  straightforward.  Figure  1  shows  a  typical 
fuel-in-cowl  design. 


BODY 


'Wzzzzzzzzz; 


FUEL 


Figure  1.  Fuel  in  Cowl  Schematic 


Combustion  efficiency  correlations  are  also  available  from  CSD  monthly 
contract  reports  for  a  few  fuels.  It  is  in  the  form 


b  <f>  C  T  d 

a  A. 
1 


(2) 


The  equivalence  ratio  <p  comes  from  the  fuel  and  air  flow  calculations  and 
A3 


the  step  area  ratio 


A. 

l 


from  the  chamber  geometry. 


CSD's  reported  correlation  for  the  75  mm  fuel  is 


-.45 


1.16 


0.38 


n  =  0.22 


1000 


A. 

l 


(3) 


Both  regression  rate  and  combustion  efficiency  change  with  time  because 

air  conditions  change  with  projectile  velocity  and  because  the  fuel  regresses 

to  increase  the  step  area  ratio  A, /A.  . 

3  i 


2 


Monthly  Progress  Report  No.  22,  Chemical 


Systems  Divisions , 


(August  80). 
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The  combustion  efficiency  correlation  was  derived  from  tests  where  the 
efficiency  never  exceeded  0.90.  Extrapolation  to  the  combustion  chamber 
conditions  for  the  75  mm  projectile  would  predict  efficiencies  greater  than 
1.0.  Maximum  of  1.0  was  assigned  despite  arguments^  for  greater  measured 
efficiencies. 

Some  recent  CSD  performance  calculations  for  a  35  mm  SFRJ-TP  used  an 
efficiency  expression 


n 


0.18 


T 

a 

1000 


1.1 


(4) 


although  no  source  was  cited. 

An  independent  analysis^of  the  reported  CSD  test  data  for  fuel  21862 
obtained  a  least  squares  fit  of 

.491  .944 

.232  3  a 

n  - . 347  A.  1000 

4>  i 


Figure  2  compares  experimental  with  correlated  values  of  efficiency  for  Eq.  (5). 
Appendix  A  gives  the  data  used  in  the  analysis. 

The  transition  from  the  linear  correlation, 


n  =  a  X, 


where  X  is  the  power  function  of  all  the  influencing  variables  to  a  limit  of 
rv*1.0  requires  some  imagination.  The  test  data  do  not  extend  to  those 
conditions.  An  arbitrary  selection  of  a  functional  dependence  must  suffice. 
It  should  satisfy  a  few  conditions:  (1)  for  mid  range  (0.4<aX<0.8)  it  should 
be  n  =  aX;  (2)  for  aX<0.4  it  is  irrelevant  in  present  applications,  (3)  it 
must  approach  n  =  1  for  aX<0.8  smoothly.  Final  forms  are  limited  only  by  the 
imagination;  physics  provides  few  clues.  After  some  acrobatics  the  following 
form  makes  a  reasonable  estimate 


2 

R.  Dunlap,  G.  E.  Jensen,  "Combustion  Efficiency  in  a  SFRJ  at  the  Fuel  Grain 
Exit  Plan",  16th  JANNAF  Combustion  Meeting,  Monterey,  CA  (September  1979). 
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R.  H.  Moore ,  R.  K.  Zeigler,  "The  Solution  of  the  General  Least  Squares  Problem 
with  Special  Reference  to  High  Speed  Computers"  Los  Alamos  Scientific 
Laboratory  Report  LA2367  (March  1960). 
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(6) 


n  -  1  -  [4  -  i  (X-3)2]  Xe“1,1X  . 


For  a  =  0.23  comparison  of  n  with  aX  is  shown  in  Figure  3. 
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Regression  rate  was  also  obtained  from  a  least  square  fit  for  fuel  21862. 
With  air  temperature  dependence,  the  best  fit  is 


r 


.833 


.0634  G 


T 

a 

1000 


.614 


(7) 


The  regression  rates  obtained  with  this  fit  are  close  to  those  obtained  with 
the  CSD  reported  dependence  (Eq.  (1)). 

V.  RESULTS 

Trajectories  were  calculated  for  the  75  mm  SFRJ-TP  designed  for  gun 
firing  demonstration.  Figure  4  shows  the  velocity  versus  range  on  non- 
dimensional  scales  of  velocity  divided  by  initial  velocity  and  range  divided 
by  range  at  burnout.  Security  classification  precludes  reporting  actual 
velocities  and  ranges. 


Figure  4.  Velocity  vs  range  for  75  mm  SFRJ-TP 


The  three  trajectories  in  Figure  4  come  from  different  assumptions  on 
combustion  efficiency.  The  central  curve  represents  the  amended  least  squares 
fit  of  Eq.  (6);  the  upper  curve  represents  the  CSD  offered  efficiency  of 
Eq.  (3);  the  lower  curve  represents  the  CSD  suggested  Eq.  (4). 

The  spread  among  the  calculated  trajectories  demonstrates  the  sensitivity 
to  the  assumption  of  combustion  efficiency.  Since  each  represents  an 
extrapolation  from  the  test  data  from  which  the  correlations  were  derived, 
they  may  all  be  wrong.  Both  the  need  for  extrapolation  and  the  sensitivity 
demonstrate  the  necessity  for  data  in  the  expected  conditions. 

Some  details  of  the  combustion  chamber  performance  are  shown  in  Figure 
5  which  displays  time  history  of  regression  rate  and  air  mass  velocity. 


13 


Figure  5.  Chamber  performance  of  75  mm  SFRJ-TP 


Figure  6  shows  the  predicted  combustion  efficiency  for  various  assumptions 
about  its  dependence  on  chamber  conditions.  Curve  30  uses  the  CSD  Eq.  (3) • 
Curve  44  uses  the  amended  fit  Eq.  (6);  Curve  40  uses  the  re-analyzed  CSD  data 
correlation,  Eq.  (5);  Curve  29  uses  the  CSD  correlation  of  Eq.  (4).  All 
the  calculations  limited  the  efficiency  to  1.0  arbitrarily. 

75  mm  SFR  J 

1.0 1 


Figure  6.  Effect  of  Combustion  Efficiency  Correlation  on  Predicted  Efficiency 
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APPENDIX  A 


CSD  TEST  DATA 


A, 

o 


T 

A 

regr 

Test 

a 

i 

P 

G 

! 

rate 

n_ 
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2.017 
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.566 

.543 

.049 

.576 

7070 

1845 

2.534 

204 
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.074 

.753 

7071 
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2.354 
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.965 
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.786 
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250 
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.522 
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CSD  TEST  DATA 


T 

A. 

regr 

Test 

a 

i 

P 

G 

i 

rate 

n_ 

6877 

1840 

1.688 

315 

1.61 

.508 

.138 

.736 

6878 

1845 

1.307 

326 

1.64 

.513 

.143 

.728 

6879 

2050 

1.589 

259 

1.28 

.807 

.126 

.625 

6880 

1840 

1.319 

360 

1.80 

.496 

.153 

.743 

6881 

1770 

1.656 

362 

1.92 

.511 

.164 

.707 

6892 

1850 

1.523 

307 

1.40 

.541 

.121 

.722 

6855 

2080 

1.719 

409 

1.62 

.542 

.149 

.705 

6856 

2080 

1.268 

237 

0.98 

.670 

.108 

.619 

6857 

1750 

1.237 

212 

.98 

.670 

.105 

.564 

6858 

1750 

1.672 

362 

1.58 

.513 

.136 

.655 

6860 

1775 

1.488 

173 

1.01 

.664 

.105 

.556 

6861 

1770 

1.222 

326 

1.41 

.551 

.121 

.517 

6863 

2050 

1.619 

298 

1.31 

.609 

.132 

.514 

6864 
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1.223 

288 

1.42 

.762 

.128 

.440 

6865 
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1.257 
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1.72 

.659 

.138 

.585 
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1.67 

.657 

.138 

.652 
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.739 
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.655 

6868 
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